This study measured the Vickers hardness of the sintered refractory carbides B 4 C, Mo 2 C, NbC, TiC, V 8 C 7 , W 2 C, WC, WC-SiC, and ZrC over a wide range of test forces between 0.49 and 196 N. The results showed an indentation size effect (ISE), with hardness values that increased with decreasing test force for the carbides. The test force dependence of the hardness was analyzed by the proportional specimen resistance (PSR) model. The value of the a 1 term that reflects the elastic resistance in the model was obtained for the carbides and compared with their measured elastic, shear, and bulk moduli. It was not clear what type of modulus related strongly to the a 1 term. There was a strict correlation between the hardness at an infinite test force and at a test force of 9.8 N. However, the hardness at a test force of 0.49 N a little poorly reflected the hardness at an infinite test force.
Introduction
Carbides such as B 4 C, TiC, WC, and ZrC have very high melting temperatures. Since these refractory carbides have high hardness, high Young's modulus, and good thermal and chemical stability, they have been used as materials for surface hard coating. The most important property for surface hard coating is hardness, which is usually determined by indentation hardness tests at low test forces. Recently, the hardness of thin coating films of cutting tools has been measured by the nanoindentation method at considerably low test forces, e.g., 10 mN for a TiC coating 1) and 2 mN for a B 4 C coating.
2) These lower test forces minimize substrate influences on the hardness measurement, which can be significant for indentation depths deeper than 10% of the coating thickness. For the hardness measurement of bulk ceramics, however, a test force of 9.8 N (1 kgf) has been recommended by the Japanese Industrial Standard. Although this test force has been recommended, the hardness measurement is actually carried out at various test forces by researchers due to a variety of sample shapes. It is well known that hardness varies with test force, and measured hardness increases with decreasing test force. This phenomenon has been called the indentation size effect (ISE) in metals 3) and ceramics. [4] [5] [6] [7] Therefore, the ISE must be considered when comparing the hardness determined at a low test force and the hardness determined at the high test forces used for large bulk materials.
The ISEs have been analyzed using several empirical models, including the traditional Meyer's law, HaysKendall's approach, 3) and the proportional specimen resistance (PSR) model. 7) The ISE has been extensively researched to analyze hardness variation with test forces. The PSR model is based on the effective test force, which is obtained by subtracting the term of the elastic resistance and the friction effect between the indenter facet and the specimen surface from the applied test force. The PSR model is the only model of those used in these studies that has been successfully applied to analyze the ISE of brittle materials. 4, [6] [7] [8] [9] In the present study, the change in hardness with test force and elastic properties was measured for the refractory carbides B 4 C, Mo 2 C, NbC, TiC, V 8 C 7 , W 2 C, WC, WCSiC, and ZrC. The analysis of the measured hardness changes and the applicability of the model to refractory carbides are discussed in relation to their elastic moduli.
Experimental Procedure
Powders of B 4 C, Mo 2 C, NbC, SiC, TiC, VC, W, WC, and ZrC were used as starting materials. The chemical composition and average particle diameter of these powders are given in Table 1 . The sintered bodies of the single-phase carbides, except for W 2 C, were directly obtained from the respective powders. W 2 C was reaction-sintered from a mixture of W and WC powders (1 : 1:2 mole ratio). A WC-15 mol% SiC composite was prepared from the WC and SiC powders to examine the ISE in the composite carbide. Every powder or mixture was pressed in a graphite die with an inner diameter of 20 mm at an applied pressure of 50 MPa. The obtained compacts were pressure-sintered with a resistance-heated hot pressing machine (SPS-2080, SparkPlasma Sintering Machine) at a heating rate of 50 C min
À1
and an applied pressure of 50 MPa in the sintering temperature range from 1550 to 2000 C. Both sides of each sintered body, with a diameter of 20 mm and a height of $7 mm, were ground by 0.75 mm. One ground surface was polished using a 1-mm diamond paste.
The density of the sintered bodies was determined by Archimedes method. Young's modulus and Poisson's ratio were measured by a pulse-echo method with an elastodynamic rate-measuring system (Toshiba Tungaloy, UMS-HL). The Vickers hardness of the sintered bodies was measured under test forces from 0.49 to 196 N at a holding time of 15 s. The Japanese Industrial Standard (JIS R1610) recommends that a specimen for the Vickers hardness test has more than 0.5 mm thickness and a flat and smooth surface. The polished sintered bodies met this recommendation. The average grain sizes of the tungsten carbides were measured by the intercept method using their backscattered electron micrographs.
Results and Discussion

Elastic properties of sintered bodies
The sintering temperature, relative density, Young's modulus, and Poisson's ratio of sintered bodies are shown in Table 2 . The sintered bodies were polycrystalline and have no preferential texture. Therefore, the elastic modulus values are regarded as those of isotropic materials. The relative density of the specimens sintered in this study ranged from 98 to 100%. These small porosity values have a negligible influence on Young's modulus. Young's modulus of the prepared refractory carbides ranged from 400 to 712 GPa. Young's modulus of the carbides has been reported in the literature as 460 GPa for B 4 C, 10, 11) 223-534 GPa for Mo 2 C, 10, [12] [13] [14] [15] [16] [17] [18] 338-540 GPa for NbC, 10, [12] [13] [14] [15] [16] [17] 19) 269-486 GPa for TiC, 10, [12] [13] [14] [15] 17, 18, 20, 21) 255-434 GPa for VC, [12] [13] [14] [15] 18, 20, 21) 430 GPa for W 2 C, 13, 14, 22) 519-707 GPa for WC, 10, 12, [14] [15] [16] 20) and 195-549 GPa for ZrC. [12] [13] [14] [15] 17, 22) Poisson's ratio of ceramics at relatively low porosity is not influenced by the porosity, as reported for Al 2 O 3 , 23) B 4 C, 11) NbC, 19) TaC, 19) and WC-WB-W 2 B.
24) The other elastic moduli can be determined by Young's modulus and Poisson's ratio data in Table 2 . Figure 1 shows the test force dependence of the Vickers hardness in B 4 C, Mo 2 C, and NbC. Li and Bradt reported the anisotropy of ISE in single-crystal TiO 2 and SnO 2 .
Hardness of refractory carbides
7) The sintered bodies were polycrystalline and have no preferential texture. At a low test force, where the size of an indentation 22) and ZrO 2 -toughened mullite. 6) In metallic materials, specimen surfaces elastically and then plastically deform during indentation tests. However, because these refractory carbides are brittle, specimen surfaces elastically deform and then fracture during indentation tests. The plastic deformation must be negligible in the tests. According to the PSR model, the ISE results from the elastic resistance as described in the section 3.3. Figure 4 shows the backscattered electron micrographs of the tungsten carbides. These tungsten carbides have no preferential texture. The average grain size was 0.43 mm for (a), 1.4 mm for (b) and 2.5 mm for (c). For polycrystalline ceramics, smaller grain sizes give higher hardness values, according to a Hall-Petch-like relationship, which has been generally observed in ceramics. 29) The Vickers hardness of WC with different average grain sizes was also measured as a function of test force. As shown in Fig. 5 , the Vickers hardness increased with decreasing test force for every WC grain size. Specimens with smaller WC grain sizes had higher hardness values compared to specimens with larger grain sizes. 
Application of the PSR model
Li and Bradt proposed the PSR model to explain the ISE on microhardness. 7) In the model, they considered that the effective test force is the applied test force minus the specimen resistance, which is linearly proportional to the indentation size. The PSR model can be expressed as
where a 1 is a constant, a 2 is the Kick's law coefficient 8) related to the test-force-independent hardness, and d is the indentation size. The term a 2 d 2 , which equals P minus a 1 d, represents the effective indentation test force. In order to analyze hardness data measured at various test forces, eq. (1) can be rearranged as
Vickers hardness is defined by
When infinite test force is applied,
Equation (2) shows that the terms a 1 and a 2 can be evaluated by linear regression plots of Pd À2 versus d À1 . Figures 6, 7 , and 8 show Pd À2 versus d À1 plots for B 4 C, Mo 2 C, NbC, TiC, VC, W 2 C, WC, WC-15 mol% SiC, and ZrC. The correlation coefficients calculated for the carbides were higher than 0.96. These results indicate that the test force dependence on hardness can be explained by the PSR model for the carbides. The slope and the intercept of a line correspond to the a 1 and the a 2 values, respectively. The a 1 and a 2 values obtained from the experimental results for the carbides are summarized in Table 3 . Figure 9 shows the relation between the hardness at an infinite test force, at a test force of 0.49 N and at a test force of 9.8 N (JIS). The hardness at a test force of 9.8 N was linearly proportional to the hardness at an infinite test force. The physical meaning of the hardness at an infinite test force is not clear, but the hardness is unambiguously determined for the material. The hardness at a test force of 9.8 N was exactly reflected the hardness at an infinite test force. However, the hardness at a test force of 0.49 N a little poorly reflected the hardness at an infinite test force. The hardness at low test forces must be corrected using the a 1 value in comparing it with the hardness at a test force of 9.8 N.
Estimation of hardness at any test force
Li and Bradt 7) reported that the term a 1 d is similar to the elastic resistance of a spring, and a 1 is related to an elastic component of the specimen. However, they pointed out that the a 1 term includes not only an elastic component, but also a friction component at the indenter facet-specimen interface. We considered the contribution of friction between a specimen surface and an indenter during an indentation test. Figure 10 represents the distribution of forces in a hardness test, where P is the test force, P 0 is the decrease of the test force by the friction resistance, P t is the true indentation force, F is the pushing force perpendicular to the specimen surface, and A is the friction resistance force between the indenter and the specimen surface. The friction resistance force is expressed as
where is the friction coefficient. The decrease in the test force by the friction is given by
The true indentation force, which is actually applied on the specimen surface, equals the test force, P, minus the friction resistance, P 0 :
Finally, the true indentation force is given by
This equation indicates that the true indentation force decreases at a constant rate with respect to the test force, i.e., the true test force is not influenced by the indentation size. Therefore, the a 1 term must be a constant due to the elastic contribution only. Figure 11 shows the relationship between the a 1 value and Young's modulus for the carbides. The correlation coefficient 
Conclusion
The test force dependence of the Vickers hardness for B 4 C, Mo 2 C, NbC, TiC, V 8 C 7 , W 2 C, WC, WC-15 mol% SiC, and ZrC was investigated. The proportional specimen resistance model was applied to measured hardness changes in the carbides, and the applicability of the model to the tested carbides was discussed. Several conclusions were made based on the results, as stated below.
The Vickers hardness of the carbides was greatly increased with decreasing test force. The carbides had unique test force effects. The test force dependence of the hardness observed for the carbides agreed well with the proportional specimen resistance (PSR) model. It was not clear what type of modulus related strongly to the a 1 term. The hardness at a test force of 9.8 N was linearly proportional to the hardness at an infinite test force. However, the hardness at a test force of 0.49 N a little poorly reflected the hardness at an infinite test force. The hardness at low test forces must be corrected using the a 1 value in comparing it with the hardness at a test force of 9.8 N.
